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The presence and genetic content of integrons were investigated for 37 epidemiologically unrelated multiple-
drug-resistant strains of Salmonella enterica serotype Typhimurium from humans. All isolates were resistant to
ampicillin, chloramphenicol, kanamycin, streptomycin, sulfonamides, and trimethoprim, as well as to tetra-
cycline and/or nalidixic acid; 20% of them were also resistant to gentamicin and amikacin. Three different class
1 integrons (In-t1, In-t2, and In-t3) were identified by Southern blot hybridization, PCR, and DNA sequencing,
and these integrons were found to carry the aadB, catB3, oxa1, aadA1a, aacA4, and aacC1 gene cassettes.
Integrons In-t1 (aadB and catB3) and In-t2 (oxa1 and aadA1a) were both located on a conjugative IncFI
plasmid of 140 kb. In-t3 (aacA4, aacC1, and aadAIa) was located on an IncL/M plasmid of 100 kb which was
present, in association with the IncFI plasmid, in gentamicin- and amikacin-resistant isolates. Despite the
extensive similarity at the level of the antibiotic resistance phenotype, integrons were not found on the
prototypic IncFI plasmids carried by epidemic Salmonella strains isolated during the late 1970s. The recent
appearance and the coexistence of multiple integrons on two conjugative plasmids in the same Salmonella
isolate are examples of how mobile gene cassettes may contribute to the acquisition and dissemination of
antibiotic resistance.

Bacterial resistance to antimicrobial agents is a serious prob-
lem worldwide, and understanding of the molecular basis of
how resistance genes are acquired and transmitted may con-
tribute to the creation of new antimicrobial strategies (47).
One efficient mechanism for the acquisition and dissemination
of resistance determinants is their transmission through mobile
genetic elements. It has been proposed that promiscuous plas-
mids, conjugative transposons, and transposons carried by con-
jugative plasmids are responsible for the horizontal spread of
resistance genes throughout bacteria (9). Recently, naturally
occurring gene expression elements called “integrons” have
been described as vehicles for the acquisition of resistance
genes carried by mobile elements (14, 26, 46). These structures
have also been found to be involved in the genetic reassort-
ment of resistance determinants frequently observed in multi-
ple-antibiotic-resistant bacterial pathogens (5).

Three classes of integrons have been identified. Class 1 in-
tegrons are prevalent among clinical isolates and are composed
of two conserved regions, the 59CS and the 39CS regions,
surrounding an interposed variable region (14, 16). The vari-
able region contains gene cassettes for antibiotic resistance
integrated, all in the same orientation, at the attI site. Coordi-
nate expression of the gene cassettes is driven by the tandemly
arranged Pant and P2 promoters (39). The 59CS region of class
1 integrons contains the intI1 gene, which encodes the type 1
integrase protein, which is responsible for site-specific inser-
tion and excision of gene cassettes (5). As a consequence of
this activity, integrons exist in a large variety of forms with
respect to the number, type, and order of the inserted genes.

Each gene cassette includes an open reading frame and a
recombination site known as the “59-base element” located
downstream of each coding sequence (15). The 39CS contains
the sul1 and the qacED1 genes, which confer resistance to
sulfonamides and to quaternary ammonium compounds, re-
spectively (33, 36). Gene cassette arrays similar to those of the
class 1 integrons were observed for the transposon Tn7 and its
close relatives, forming a second class of integrons. A putative
defective integrase gene (intI2), whose product is 40% identi-
cal to that of intI1, is located in the distal portion of Tn7 (11).
Recently, a third class of integron has been identified, and the
putative integrase (intI3), located at the 59 of the blaIMP cas-
sette, is 61% identical to the intI1 integrase (31).

The occurrence of integrons among clinical bacterial isolates
is under investigation, and recent studies report a widespread
distribution of these elements among multiple-antibiotic-resis-
tant nosocomial bacteria (18, 20, 34).

Salmonella enterica serotype Typhimurium is one of the
more frequent agents of bacterial enteritis worldwide (29).
This serotype has often been described as being resistant to
multiple drugs, most commonly showing resistance to ampicil-
lin (Ap), chloramphenicol (Cm), streptomycin (Sm), sulfon-
amides (Su), and tetracycline (Te). The R types R-ApCm
SmSuTe and R-ApSmSuTe have been associated with the
phage types DT104 and DT193, respectively (17, 23, 48).

In the study described in this report, we investigated the
genetic determinants for antibiotic resistance of S. enterica
serotype Typhimurium strains isolated from epidemiologically
unrelated pediatric patients with gastroenteritis. Our results
indicate that the multiple-drug resistance phenotype is deter-
mined by integrons carrying an unusually wide repertoire of
resistance gene cassettes. Up to three types of integrons lo-
cated on two conjugative plasmids were identified. The quality,
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number, and organization of the resistance genes were then
determined.

MATERIALS AND METHODS

Bacterial strains. Thirty-seven S. enterica serotype Typhimurium strains were
isolated from the stools of children hospitalized for acute gastroenteritis at the
Pediatric Clinic of the University of Tirana (Tirana, Albania) from June 1996 to
February 1997 and were sent to the Laboratory of Bacteriology and Medical
Mycology of the Istituto Superiore di Sanità in Rome, Italy, for characterization.
All patients originated from different districts of Albania.

The serotype of the isolates was determined with anti-O and anti-H antisera
obtained from Behringwerke AG (Marburg, Germany). None of the isolates was
phage typeable as described by Callow (3), nor did their lytic patterns resemble
those of multi-drug-resistant S. enterica serotype Typhimurium phage types
DT104 or DT193 (17, 23, 48).

Antimicrobial susceptibility and transfer of resistance. S. enterica serotype
Typhimurium isolates were preliminarily tested for antibiotic resistance by the
disk diffusion assay on Mueller-Hinton agar with commercial antimicrobial sus-
ceptibility disks (Oxoid, Basingstoke, United Kingdom, and Becton Dickinson
Microbiological System, Cockeysville, Md.) according to the recommendations
of the National Committee for Clinical Laboratory Standards (30).

The rifampin-resistant mutant strain Escherichia coli K-12 CSH26-R was used
as the recipient in conjugation experiments (24). Exconjugants were selected on
Luria-Bertani agar containing 100 mg of rifampin per ml plus 20 mg of amikacin
(Ak) per ml or 30 mg of chloramphenicol per ml and were tested on Simmons
citrate-agar plates (Biogenetics, Padova, Italy) to distinguish exconjugants from
spontaneous rifampin-resistant donor mutants.

Intraspecific matings were performed with the nalidixic acid (Na)-resistant
strain E. coli CSH26-N as the recipient.

Characterization of plasmids and identification of integrons by DNA hybrid-
ization. Plasmid DNA was extracted by the procedure of Kado and Liu (21),
electrophoresed in a 0.8% agarose gel at 5 V/cm, and stained with ethidium
bromide.

Extraction of genomic DNA and colony hybridizations were performed as
described elsewhere (10, 41).

Plasmid DNA, digested genomic DNA, and bacterial colonies were trans-
ferred onto a positively charged nylon membrane (Boehringer Mannheim,
Mannheim, Germany) by standard methods (41) and were hybridized under
high-stringency conditions with a specific probe for integrase genes intI1 and
intI2. The intI1 probe was obtained by restriction and agarose elution of the
596-bp PvuII-RsaI fragment from the transposon-carrying plasmid pACYC184::
Tn21 (7). The intI2 probe was obtained by PCR amplification on R483::Tn7 (45)
with primers intI2A and intI2B (Table 1) internal to the released intI2 sequence.

DNA fragments were labelled with [a-32P]dCTP with a random labelling kit
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.).

Plasmids were also probed with each clone of the inc rep plasmid bank gen-
erously provided by Werner K. Maas, as described by Couturier et al. (8).

PCR amplification, cloning, and sequencing of integrons. Amplification reac-
tions were carried out by PCR with 10 ml of boiled bacterial suspensions, with 200
mM deoxynucleoside triphosphate, 1 mM the primer pairs listed in Table 1, Taq
Plus buffer (Promega), and 5 U of Taq Plus polymerase (Stratagene). The PCR
was run at 94°C for 30 s, 59°C for 30 s, and 72°C for 3.5 min for a total of 35
cycles. Amplicons were blunt-end ligated at the SmaI site of the pGEM 3z(f1)
vector (Promega) and were used to transform E. coli DH5a cells (41). Sequenc-
ing reactions were performed with double-stranded plasmid preparations by the
dideoxy chain termination method with universal primers (43) and a commercial
kit purchased from Pharmacia Biotech and products were analyzed with a Phar-
macia Biotech ALFexpress automated DNA sequencing apparatus. The pres-
ence of the sul-1 gene was investigated by PCR amplification with the primers
described by Sandvang et al. (42).

Nucleotide sequence accession numbers. The nucleotide sequences of In-t1,
In-t2, and In-t3 have been assigned EMBL accession nos. AJ009818, AJ009819,
and AJ009820, respectively.

RESULTS

Antibiotic resistance profiles and characterization of plas-
mids of S. enterica serotype Typhimurium isolates. Thirty-
seven S. enterica serotype Typhimurium isolates of human or-
igin were tested for antimicrobial susceptibility. All strains
were resistant to ampicillin, chloramphenicol, kanamycin (Km),
streptomycin, sulfonamides, and trimethoprim (Tp). Addition-
ally, 75% of the isolates were also resistant also to tetracycline,
38% were also resistant to nalidixic acid, and 20% were also
resistant to amikacin and gentamicin (Gm).

Plasmids from six Salmonella strains were examined (Table
2). The approximate sizes of the Salmonella plasmids were
estimated by direct comparison with three reference plasmids
harbored by the multi-drug-resistant strain S. enterica Wien
WZM6 (R-ApCmKmSmSuTe) (24). This strain carries an
IncFI plasmid of 140 kb (pZM61; R-ApCmKmTe) and two
smaller plasmids of 13 kb (pZM62; R-ApSmSu) and 2.1 kb
(pZM63 [a cryptic plasmid]; Fig. 1A, lane 1). S. enterica sero-

TABLE 1. Primers used for integron detection by PCR

Primer DNA sequence Position in submitted sequence Accession no.

59CS 59-GGCATCCAAGCAGCAAG-39 1190–1206 M73819
39CS 59-AAGCAGACTTGACCTGA-39 1342–1326 M73819
intI2A 59-ATGTCTAACAGTCCATTTTTAAATTCTA-39 1914–1886 AJ002782
intI2B 59-AAATCTTTAACCCGCAAACGC-39 1475–1495 AJ002782
intI3A 59-GTGGCGCAGGGTGTGGAC-39 194–211 D50438
intI3B 59-ACAGACCGAGAAGGCTTATG-39 959–938 D50438

TABLE 2. Antibiotic resistance phenotypes of S. enterica serotype Typhimurium donor strains and E. coli
exconjugants, transferred plasmids, and type of integrons found on plasmids

Salmonella R type No. of strains Donor strain Exconjugant R type Frequency of transfer Transferred plasmid Integron(s)

ApCmKmSmSuTpTeNa 5 366 ApCmKmSmSuTpTe 5 3 1025 140-kb IncFI In-t1,In-t2

ApCmKmSmSuTpNa 9 341 ApCmKmSmSuTp 7 3 1025 140-kb IncFI In-t1,In-t2

ApCmKmSmSuTpTe 15 252 ApCmKmSmSuTe 6 3 1025 140-kb IncFI In-t1,In-t2

ApCmKmSmSuTpTeGmAk 8 202 ApKmSuTeGmAk 1 31026 100-kb IncL/M In-t3

202 ApCmKmSmSuTpTe 7 3 1025 140-kb IncFI In-t1,In-t2

298 ApKmSuGmAk 7 3 1027 100-kb IncL/M In-t3

298 ApCmKmSmSuTpTe 5 3 1025 140-kb IncFI In-t1,In-t2
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type Typhimurium strains 44, 516, 252 (Fig. 1A, lanes 2, 3, and
4), 298, 202 (Fig. 1A, lanes 5 and 6), and 341 (Fig. 1A, lane 7)
all carried a large plasmid similar in size to pZM61. Strains 202
and 298, representative of the R-ApCmKmSmSuTpTeGmAk
type, carried an additional large plasmid of approximately 100
kb. Other smaller heterogeneous plasmids were present in all
strains (27).

We further characterized the 140-kb plasmid, which was
present in all isolates, and the 100-kb plasmid, which was
present in strains 202 and 298. Plasmid DNA was hybridized
with the complete repertoire of inc and rep probes specific for
the major incompatibility groups (8). The 140-kb replicon was
assigned to the IncFI group because it reacted with the two
FI-specific probes, repFIA and repFIB (Fig. 1B and C, lanes 2 to
7), as did the prototypic FI plasmid pZM61 (Fig. 1B and C,
lanes 1). The 100-kb plasmid belongs to the IncL/M group,
since it hybridized with the specific repL/M probe (Fig. 1D, lane
6).

Transfer of resistance. Prototypic Salmonella strains 366,
341, 252, 202, and 298 were conjugated with E. coli CSH26-R.
Two types of exconjugants were obtained from strains 202 and
298 upon selection on rifampin-amikacin and rifampin-chlor-
amphenicol plates: the Ak-type exconjugants of the R-ApKm-
SuGmAk type and the Cm-type exconjugants of the R-ApCm
KmSmSuTmTe type. Cm-type exconjugants were also ob-
tained from strains 366, 341, and 252 (Table 2).

Transconjugants were examined for their plasmid profiles.
We found that all Cm-type transconjugants harbored the IncFI
plasmid, while the Ak-type transconjugants carried the IncL/M
replicon. Figure 2A illustrates the independent transmission of
the two plasmids from S. enterica serotype Typhimurium 202 to
E. coli. Both Cm and Ak types of transconjugants were able to
transfer their complete R patterns in intraspecific matings with
E. coli CSH26-N as the recipient strain, showing transfer fre-
quencies comparable to those observed in interspecific matings
(data not shown).

These results led us to conclude that all of the S. enterica
serotype Typhimurium prototypic strains carry the IncFI plas-
mid which accounts for the R-ApCmKmSmSuTpTe pheno-
type; the R-ApCmKmSmSuTpTeGmAk strains harbor an
additional self-transferable IncL/M plasmid which confers re-
sistance to ampicillin, kanamycin, sulfonamides, gentamicin,
and amikacin.

Integrons in S. enterica serotype Typhimurium plasmids.
The presence of the sulfonamide resistance determinant is
strongly suggestive of the presence of class 1 integrons when it
is carried by conjugative plasmids (36). Therefore, we analyzed
the IncFI and IncL/M plasmids harbored by S. enterica sero-
type Typhimurium for the presence of these genetic elements.

FIG. 1. Plasmids in S. enterica serotype Typhimurium strains. (A) Plasmid DNA in S. enterica serotype Wien WZM6 (lane 1) and in six prototypic isolates of S.
enterica serotype Typhimurium, strains 44 (lane 2), 516 (lane 3), 252 (lane 4), 298 (lane 5), 202 (lane 6), and 341 (lane 7). Plasmids were separated by agarose gel
electrophoresis and stained with ethidium bromide. Replicas of the electropherograms shown in panel A were blotted onto nylon membrane filters and hybridized with
the following probes: repFIA (B), repFIB (C), repL/M (D), and an integrase gene (intI1) (E). Plasmid pACYC184::Tn21 (lane 8) was used as positive control for the
presence of the intI1 gene.

FIG. 2. Integrons found on plasmids carried by S. enterica serotype Typhi-
murium. (A) Plasmids were separated by agarose gel electrophoresis and were
visualized by ethidium bromide staining. Lane 1, S. enterica serotype Typhi-
murium 202 donor strain; lane 2, Cm-type E. coli exconjugant carrying the IncFI
replicon; lane 3, Ak-type E. coli exconjugant carrying the IncL/M replicon. (B)
PCR analysis of integron-borne gene cassettes amplified with the 59CS and 39CS
primers (Table 1). DNA templates were from the S. enterica serotype Typhi-
murium 202 (lane 1) and from Ak-type and Cm-type exconjugants (lanes 2 and
3, respectively). In-t1, In-t2, and In-t3 integrons are indicated as 1, 2, and 3,
respectively, on the left of the figure. Molecular size standards (lane 4; in
kilobases) are indicated on the right.
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We initially searched for the presence of the class 1 integrase
gene, and Southern hybridization experiments were carried
out with plasmid DNA by using the intI1 probe. Plasmid
pACYC184::Tn21 carrying the Tn21 integron was used as the
positive control (Fig. 1A, lane 8). Figure 1E (lanes 2 to 7)
shows that the 140-kb IncFI plasmid of all representative
strains and the 100-kb IncL/M plasmid carried by strains 202
and 298 hybridize with the integrase gene (intI1) probe. Inter-
estingly, none of the S. enterica serotype Wien WZM6 plasmids
were found to be positive when they were probed for the
presence of the class 1 integrase gene (Fig. 1E, lane 1).

Of note, three additional multi-drug-resistant epidemic S.
enterica serotype Wien strains (W537, W811, and W569; R-
ApCmKmTe, R-ApCmKmSmTe, and R-ApCmSuTpGmNa,
respectively) isolated in Italy at the Istituto Superiore di Sanità
during the period from 1983 to 1989 were also negative by
colony hybridization for the intI1 gene. Conversely, the pres-
ence of class 1 integrons was demonstrated by colony hybrid-
ization with the intI1 probe in all 37 multi-drug-resistant S.
enterica serotype Typhimurium isolates (data not shown).

To better characterize the integronic structures associated
with S. enterica serotype Typhimurium conjugative plasmids,
we performed a PCR analysis with the 59CS and 39CS primers
(22) with DNA extracted from the strain 202 Cm-type and
strain 202 Ak-type transconjugants, as well as from the donor
S. enterica serotype Typhimurium 202 isolate. The results
showed the presence in S. enterica serotype Typhimurium 202
of three types of integrons, which we designated In-t1, In-t2,
and In-t3, respectively; they carried variable regions of 1.5, 2.1,
and 3.2 kb, respectively (Fig. 2B, lane 1). These three integrons
were conjugatively transferable by the two IncFI and IncL/M
plasmids. In fact, the Cm-type transconjugant, which had ac-
quired the IncFI plasmid, generated both In-t1 and In-t2 am-
plicons (Fig. 2B, lane 3). Moreover, the 3.2-kb DNA band,
corresponding to In-t3, was generated by the Ak-type excon-
jugant which had received the IncL/M plasmid only (Fig. 2B,
lane 2). The recipient strain E. coli CSH26-R was negative by
PCR for the class 1 integrons (data not shown).

Southern blot analysis of BamHI- and PvuII-digested total
DNA from prototypic multi-drug-resistant S. enterica serotype
Typhimurium isolates confirmed the existence of all three
types of integrons carrying the variable regions revealed by
PCR and allowed us to rule out the possibility that class 1
integrons other than those identified on the IncFI and IncL/M
plasmids were present in these isolates (data not shown). In

addition, the presence of class 2 and 3 integrons in these
isolates was ruled out by Southern blot analysis and amplifica-
tion reactions performed with intI3-specific primers intI3A and
intI3B (Table 1).

Integron-borne gene cassettes. The In-t1, In-t2, and In-t3
PCR products were cloned in pGem 3Zf(1) and were entirely
sequenced (Fig. 3). The nucleotide sequence of In-t1 showed
the presence of two gene cassettes, the aadB gene [also named
ant(20)-Ia] and the catB3 gene. The aadB gene cassette is 596
bp long and encodes the enzyme aminoglycoside adenyltrans-
ferase AAD(20). This enzyme has been shown to confer resis-
tance to kanamycin and to low levels of gentamicin (44). The
catB3 gene corresponds to an open reading frame of 633 bp
which encodes the enzyme chloramphenicol acetyltransferase
(CatB3) (2). On the basis of a sequence comparison, the pu-
tative Pant promoter was found to consist of a 235 signal
(TGGAGA) separated by 17 bases from a 210 signal (TAAG
CT). The secondary promoter P2 was also identified ca. 80
nucleotides downstream of Pant and was found to consist of the
sequence 235TTGTTA-[N17]-210TACAGT (6).

The In-t2 integron was found to contain two gene cassettes:
oxa-1 and aadA1a [also named ant(30)-Ia]. The oxa-1 gene is
1,039 bp long, and its product is a beta-lactamase, which ac-
counts for the ampicillin resistance (32). The 862 bp aadA1a
gene cassette encodes the aminoglycoside adenyltransferase
AAD(30)-Ia enzyme, which confers streptomycin resistance
(39). The Pant and P2 sequences of In-t2 were identical to the
Pant and P2 sequences of In-t1.

In-t3 was found to contain three antibiotic resistance gene
cassettes: aacA4, aacC1, and aadA1a. Between the aacC1 and
aadA1a genes two open reading frames (X and X9) were
present; their products are still uncharacterized, and the se-
quences of the products do not show any significant similarity
with published sequences at either the nucleotide or the de-
duced protein level. The aacA4 gene cassette encodes the
69-N-aminoglycoside acetyltransferase [AAC(69)-Ib] described
in Pseudomonas aeruginosa BM 2656. This enzyme confers
resistance to amikacin (13). The aacC1 gene encodes the en-
zyme aminoglycoside acetyltransferase [AAC(3)-Ia] which
confers resistance to gentamicin (44). The aadA1a gene found
on In-t3 had the same sequence as the aadA1a gene found on
In-t2. Divergence among In-t2 and In-t3 aadA1a gene cassettes
starts immediately before the GTTAAAC sequence at the 59
end, which represents the integrase-specific recombination site
(38, 39). In the Ak-type transconjugants, the aadA1a-encoded

FIG. 3. Structural organization of gene cassettes in S. enterica serotype Typhimurium integrons. Integron-borne gene cassettes are represented as open boxes; black
boxes are the 59-base elements (not in scale). The positions of an integrase gene (intI1), Pant promoter, a sulfonamides resistance gene (sul-1), and the 59CS and 39CS
primers are indicated by arrows. Restriction sites for BamHI (B), PvuII (P), and Rsa I (R) are indicated.
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streptomycin resistance was not expressed (Table 2). The Pant
sequence of this integron consists of the 235TTGACA-[N17]-
210TAAACT element. The P2 promoter was identical in se-
quence and location to those found in In-t1 and In-t2.

DISCUSSION

In this report we describe the presence of multiple class 1
integrons conferring resistance to a very broad spectrum of
antibiotics in S. enterica serotype Typhimurium strains isolated
from infants with acute gastroenteritis. These strains were re-
sistant to b-lactams, chloramphenicol, co-trimoxazole, and the
most commonly used aminoglycosides. The antibiotic resis-
tance determinants of the S. enterica serotype Typhimurium
isolates were all transferable, being carried by conjugative plas-
mids belonging to the IncFI (R-ApCmKmSmSuTpTe) and
IncL/M (R-ApKmSuGmAk) incompatibility groups.

We identified three different class 1 integrons which account
for almost the entire resistance phenotype observed in Salmo-
nella isolates; tetracycline and trimethoprim resistance is the
only plasmid-encoded resistance not located within integrons.
In-t1 (R-CmKmSu) and In-t2 (R-ApSmSu) were located on
the IncFI plasmid in all isolates tested, while In-t3 (R-KmSu
GmAk) was located on the IncL/M plasmid, which was carried
by ca. 20% of the isolates. All these isolates were negative for
class 2 and 3 integrons.

The presence in the same isolate of three class 1 integrons
located on two different plasmids has, to our knowledge, never
been observed. In addition, the repertoire of antibiotic resis-
tance carried by In-t1, In-t2, and In-t3 represents one of the
most extensive examples of gene cassette arrays thus far de-
scribed among multi-drug-resistant isolates.

The role of integrons in the acquisition and spread of anti-
biotic resistance has not yet been fully investigated. Several
studies have reported the presence of class 1 integrons in
gram-negative bacteria from patients with hospital-acquired
infections (i.e., Klebsiella pneumoniae, P. aeruginosa, E. coli,
and Citrobacter freundii [20]) or in Klebsiella oxytoca strains
responsible for nosocomial outbreaks (34). The integron-borne
gene cassettes found in the S. enterica serotype Typhimurium
isolates have previously been identified within class 1 inte-
grons. The oxa-1 gene was found to be associated with aadA1a
in transposon Tn2603 (32), and the aacA4-aacC1 association
was reported for a K. oxytoca integron (34). The catB3 and
aadB gene cassettes are located in the same class 1 integron in
plasmid pBWH301 (2). Moreover, the aadA1a gene cassette,
which we found in both In-t2 and In-t3, occurs at a high
frequency in Tn21 derivatives (40) and has recently been de-
scribed in multi-drug-resistant S. enterica serotype Typhi-
murium DT104 strains isolated from pig herds in Denmark
(42).

Our data indicated that the integron-borne aadA1a gene
cassette is silent in In-t3, while it is expressed when it is located
in In-t2. This is likely due to the polarity effects observed for
promoter-proximal and promoter-distal gene cassettes (39). In
fact, the sequence determined for the Pant promoter of In-t3
has previously been reported to be 20-fold more active than
those of the variants found in In-t1 and In-t2 (6).

The presence of In-t1 and In-t2 on the Salmonella IncFI
plasmid leads to other interesting considerations. In fact, this
plasmid has been implicated in the wide diffusion of multi-
drug-resistant Salmonella strains. From 1969 to 1980, consid-
erable clinical and epidemiological evidence indicated that the
emergence and prevalence of some epidemic strains of human
Salmonella spp. were correlated with the acquisition of conju-
gative or defective conjugative IncFI plasmids conferring re-

sistance to multiple drugs and ranging in size from 100 to 180
kb. These plasmids were very common in different serotypes of
Salmonella when the R type was R-ApCmKmSmSuTe or R-
ApCmSmSuTe (1, 4, 37). The IncFI plasmid that we found in
the recent isolates of S. enterica serotype Typhimurium has
been compared with the prototypic pZM61 IncFI plasmid (R-
ApCmKmTe) harbored by the epidemic strain S. enterica se-
rotype Wien WZM6 isolated in Italy in 1974 (24). It is not
known whether some ancestral IncFI plasmids harbored inte-
grons, but our data clearly demonstrate that strain WZM6
does not contain integrons. Our observations suggest that the
IncFI plasmids of Salmonella spp. could have evolved through
the acquisition of integrons as genetic vehicles of the resistance
genes. Several pieces of evidence indicate that the acquisition
of integrons by R plasmids may have originated from the
spread of Tn5090-like transposons (35). However, multiple
site-specific recombination events occurring between the pri-
mary site attI and secondary sites can also lead to the fusion of
the conserved integron sequences to plasmids and could rep-
resent a further mechanism for the acquisition of integrons
(19). It will be interesting to determine whether the integrase
site-specific recombination sites recently found in the E. coli F
plasmid (12) are also present in the homologous Salmonella
IncFI plasmid (28) and if these secondary sites have been
involved in the acquisition of In-t1 and/or In-t2.

The presence of an additional integron, In-t3, in a limited
number of isolates derives from the acquisition of a 100-kb
IncL/M plasmid and results in an extended spectrum of resis-
tance (resistance to gentamicin and amikacin). The presence in
In-t3 of two putative open reading frames (X and X9) endowed
with no apparent function suggests that coding DNA modules
other than antibiotic resistance genes can be packaged within
integrons, providing a natural mechanism for the engineering
of bacterial genomes (39).

Molecular models for the generation of new integron gene
cassette arrays require the simultaneous presence of different
integrons in the same cell (12, 14, 15, 26). The coexistence of
two plasmids carrying integrons with different gene cassettes is
expected to result in the transfer of cassettes from one plasmid
to the other through the intI1-dependent integrative and exci-
sive model (25, 38). Furthermore, the coexistence of multiple
integrons on the same plasmid can frequently result in dele-
tions of these elements (15). Although both In-t1 and In-t2
appear to be very stable on the IncFI plasmid, since they were
identical in all prototypic strains tested, future analysis of more
recent Salmonella isolates might demonstrate gene cassette
exchanges among In-t1, In-t2, and In-t3. It should be pointed
out that the IncL/M plasmid, which contains In-t3, confers
resistance to b-lactams through a still unidentified beta-lacta-
mase gene which was not found among integron-borne gene
cassettes. The copy number of this plasmid is higher than that
of the IncFI plasmid, and this could result in an enhancement
of the antibiotic resistance levels due to an increased gene
dose. Under selective antibiotic pressure, these last two fea-
tures might have contributed to the stable maintenance of the
entire IncL/M plasmid rather than to the acquisition of a third
integron by the resident IncFI plasmid or the in trans integra-
tion of additional gene cassettes within In-t1 and/or In-t2.

Although our findings strongly support the hypothesis that
integron exchange represents a very efficient strategy for the
acquisition of new antibiotic resistance genes, a prospective
long-term observation of the natural evolution of the S. en-
terica serotype Typhimurium IncFI plasmids could provide fur-
ther insight into the natural forces behind the acquisition and
spread of integrons.
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